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Abstract In this paper, the flufenamic acid equilibria in aqueous solution and in two-phase
organic solvent + aqueous solution are described and presented. The dissociation constants
Ka1 and Ka2 were determined in MDM + water mixtures. The Yashuda-Shedlovsky ex-
trapolation procedure has been used to obtain the values of Ka1 and Ka2 in aqueous solu-
tions. The distribution ratio D was measured in the toluene + water system over a wide
range of pH by the shaking flask method. Based on the results of potentiometric titrations
in two-phase organic solvent (benzene, ethylbenzene, toluene, carbon tetrachloride, chloro-
form, chlorobenzene, and bromobenzene) + aqueous systems, and using models of single
and multistep equilibria, the values of distribution constants KD and dimerization constants
Kdim were calculated. The influences of polarity of the applied solvents and pH of the aque-
ous phase, on the speciation of the particular forms of flufenamic acid in both phases, were
demonstrated.
Keywords Flufenamic acid · Dissociation constant · Two-phase equilibria · Distribution
constant
1 Introduction
Flufenamic acid (N -(3-trifluoromethylphenyl)anthranilic acid) belongs to a group of nons-
teroidal anti-inflammatory drugs with the diphenylamine structure. It has analgesic and an-
tipyretic properties and is used in the treatment of musculoskeletal and joint disorders such
as osteoarthritis, rheumatoid arthritis and post trauma inflammation [1–3]. It is an inhibitor
of inorganic anion transport (and is an especially potent inhibitors of sulfate transport) in
erythrocytes [4]. It is known to occur in at least six polymorphic forms [2]. Despite of the
use of many analytical methods for detection and identification of flufenamic acid (HPLC,
GC-MS, UV-VIS spectrophotometry, spectrofluorimetry, voltammetry) [5–8], its physico-
chemical properties in solutions, especially in two-phase systems, have been insufficiently
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studied. Data on the distribution of this acid in systems with organic solvents are incomplete
and mainly concerned with the octanol system [9–11]. These limited data do not allow one
to predict the physicochemical properties and behavior of the studied acid in systems with
other organic solvents.
The ionization constant is an important physicochemical parameter of a substance, and
knowledge of this parameter is of fundamental importance for a wide range of applications
and research areas. Moreover, knowledge of this constant is needed to determine the dis-
tribution constants using the potentiometric method. There are several methods for the de-
termination of dissociation constants, but potentiometry is still one of the most commonly
used methods because of its accuracy and reproducibility [12, 13]. Furthermore, analysis
of the titration data is easily achieved with the help of spreadsheets via curve fitting of the
titration curve or of the difference curve. The use of computer programs for the refinement
of equilibrium constants allows the determination of the different pKa values for polyprotic
substances, even when they are numerically very close [14–16]. However, when the tested
compound has poor solubility, this method presents difficulties and the obtained results are
not reliable. In this case, alternative methods such as the mixed-solvent procedure can be
used. This method is based on the measurement of apparent dissociation constants in mix-
tures with different ratios of organic solvent (methanol [17–22], ethanol, dimethylsulfoxide,
dimethylformamide, dioxane [18], propanol [20], acetone [18, 20] izopropyl alkohol [23])
to water. The aqueous dissociation constant is obtained by extrapolation (for example using
the Yashuda-Shedlovsky procedure) to pure water as solvent.
The reported literature data indicate that methanol shows a solvation effect close to wa-
ter and this solvent has the widest application in this type of research [17, 20–22]. However,
from results of experimental studies, not all compounds dissolve in any single organic sol-
vent + water mixtures. In connection with this problem, multicomponent co-solvent mix-
tures, consisting of equal volumes of methanol (MeOH), dioxane and acetonitrile (MeCN),
were prepared. This mixture, termed MDM, improves the solubility of the hydrophobic
compounds, is a good solvent for polar molecules, and fulfills all the requirements that are
needed for the application of the pH-metric method. The validation of pKa values deter-
mined in MDM + water mixtures was presented in [24].
In this work the acid-base properties (in terms of the dissociation constants Ka1, Ka2
and isoelectric point pHi) of flufenamic acid were studied by potentiometry. The partition-
ing profile of flufenamic acid was obtained by the shaking flask method in the toluene +
water solvent system. Based on the results of potentiometric titrations in two-phase sys-
tems of organic solvent (benzene, ethylbenzene, toluene, carbon tetrachloride, chloroform,
chlorobenzene, or bromobenzene) + water solutions, and using models of single and multi-
step equilibria, values of the distribution constants KD and dimerization constants Kdim were
calculated. Moreover, the influence of the selected parameters (pH of the aqueous phase,
structure and polarity of the organic solvent) on the equilibria were analyzed with regard of
the formation and coexistence of different forms of this acid in the examined systems.
2 Experimental Section
2.1 Materials
Flufenamic acid was purchased from the Sigma Chemical Co. The organic solvents (ben-
zene, toluene, ethylbenzene, chlorobenzene, bromobenzene, nitrobenzene and methanol,
1,4-dioxane, acetonitrile) were purchased from Fluka and POCh (Poland) and were used
without further purification. Potassium chloride, potassium hydroxide, and hydrochloric
acid were also purchased from POCh. All reagents were of analytical grade.
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2.2 Potentiometric Apparatus
The free hydrogen-ion concentration was measured via electromotive force by means of
a CPI-505 pH-meter (Elmetron) (E ± 0.2 mV) with an OSH 10-00 combined electrode
(Metron). All titrations were performed in a thermostatted double-walled glass vessel of
100 cm3 at the temperature 25.0 ± 0.1 °C under nitrogen atmosphere. The burette was cali-
brated by weighing doubly distilled and purified water, with a precision of ±0.02% in added
volume over the whole volume range.
2.3 Potentiometric pKa Determinations
For the calibration of the glass electrode in MDM + water mixtures, HCl solutions of
known concentrations containing 35.0–60.0% (v/v) of MDM were titrated with a KOH solu-
tion. These potassium hydroxide and hydrochloric acid solutions were each prepared in the
MDM + water solvent systems by suitable dilution of a 1.000 mol·dm−3 standardized so-
lution [25]. Titrations were conducted in the pH range 2.0–12.0 at a constant ionic strength
(I = 0.15 mol·dm−3, KCl) and temperature (25.0 ± 0.1 °C). The Nernst equation parame-
ters for the glass electrode for each of these solvent mixtures were evaluated using a set of
experimental data (Emf versus titrant volume). Calibration of the electrodes in each system
was performed at least twice. The changes in psKw values versus mass fraction of MDM
were evaluated on the basis of the polynomial equation reported in [26]. The obtained values
are presented in Table 1.
Potentiometric titrations of flufenamic acid were carried out under the same conditions as
the electrode calibrations. Six separate semi-aqueous solutions containing 35.0–60.0% (v/v)
of MDM, 0.001 mol·dm−3 flufenamic acid, and 0.15 mol·dm−3 KCl (to adjust ionic strength,
which not only mimicks the ionic strength of blood but greatly simplified the correction of
the pH for its ionic strength dependence) were prepared. The solutions were first acidified
with the HCl solution and then titrated with the appropriate KOH solution (prepared in
each MDM + water solvent mixture by suitable dilution of 1.000 mol·dm−3 standardized
solution [25]) to pH ∼11. Titrations of each system were repeated in triplicate. Activity
coefficient corrections for the measured pH were made on the basis of Eq. 1 [27, 28]:
pH = pHmeas + log10γi (1)
where γi is the activity coefficient.
Table 1 Values of the
parameters characterizing the
MDM + water mixtures, and
psKa1 and psKa2 for flufenamic
acid in these MDM + water
systems
aValues obtained by the
Yasuda-Shedlovsky procedure
wt% MDM A a0B psKw psKa1 psKa2
56.48 1.024 1.840 15.256 3.08 ± 0.02 6.60 ± 0.03
51.39 0.944 1.795 15.147 3.06 ± 0.01 6.32 ± 0.03
46.38 0.874 1.753 15.014 3.05 ± 0.01 6.13 ± 0.03
41.45 0.813 1.716 14.867 3.04 ± 0.02 5.96 ± 0.04
36.57 0.760 1.682 14.713 3.02 ± 0.01 5.76 ± 0.03
31.77 0.711 1.648 14.559 3.00 ± 0.02 5.58 ± 0.02
0.00 2.92a ± 0.01 4.84a ± 0.04
(r2 = 0.9972) (r2 = 0.9969)
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The activity coefficients in MDM + water mixtures were calculated by using the Debye-
Hückel equation (Eq. 2):
log10 γi = −
Az2
√
I
1 + a0B
√
I
(2)
where I is the ionic strength (I = 0.5∑(ciz2i )), A and B are the Debye-Hückel constants,
and a0 is a parameter dependent on the ion size, which is assigned a value fixed by the
Bates-Guggenheim convention [29] extended to solvents of moderate relative permittivities.
Values of the Debye-Hückel constants A for each investigated solution have been calcu-
lated separately using Eq. 3 [30]:
A = F
3
4πNA ln 10
(
ρ
2ε3R3T 3
)1/2
(3)
where F is the Faraday constant, NA the Avogadro constant, R the gas constant, T the tem-
perature, and ε and ρ are the dielectric constant and density of the MDM + water mixture,
respectively.
Values of a0B were calculated based on Eq. 4 [25]:
a0B = 1.5
√
εwρ
ερw
(4)
where εw and ρw denote the dielectric constant and density of water, respectively.
2.4 Shaking Flask Determination of the Distribution Ratio D
Investigations on the distribution of flufenamic acid were performed in the pH interval 1–
12 at 25 ± 0.1 °C. Organic and aqueous phases were mutually saturated. Britton-Robinson
buffers (acetic, phosphoric and boric acids, each at 0.04 mol·dm−3, and treated with various
amounts of 0.2 mol·dm−3 NaOH) were used as the aqueous phase for the pH range 2.0 to
12.0. To obtain pH = 1, 0.1 mol·dm−3 hydrochloric acid was used. The tested compound
was dissolved in toluene. A sample (5.0 cm3) of the organic solvent containing flufenamic
acid (1 × 10−4 mol·dm−3) and an equal volume of the aqueous phase were agitated vigor-
ously in a stoppered glass tube for 1 h to reach the equilibrium, and then allowed to set for
2 h in order to yield phase separation. A preliminary study showed that this time was suffi-
cient to reach the partitioning equilibrium. The pH of the aqueous phase was subsequently
measured. The UV absorbances of flufenamic acid in the organic phase at equilibrium were
measured with a Beckman DU-640 spectrophotometer at λmax = 353 nm. The concentration
of the amino acid in the aqueous phase was calculated on the basis of mass balance of the
amino acid in the two-phase system.
2.5 Determination of the Distribution Constant KD and Dimerization Constant Kdim Values
The potentiometric titrations of flufenamic acid in the two-phase systems organic solvent +
aqueous solution (KCl, I = 0.15 mol·dm−3) were conducted using benzene, ethylbenzene,
toluene, chlorobenzene, and bromobenzene as the organic phase. Solutions of flufenamic
acid were prepared at 0.01 mol·dm−3 in the investigated organic solvents saturated with
aqueous phase (30 cm3). The aqueous phase (KCl, I = 0.15 mol·dm−3) was initially acid-
ified to pH about 2 with standardized 0.1 mol·dm−3 HCl. Titration was then carried out
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with a standardized KOH solution in a thermostatted extraction vessel kept at 25 ± 0.1 °C.
The pH was measured continuously. The state of equilibrium was monitored on the basis of
changes of the electromotive force. When the electromotive force after the titrant addition
changed by less then 0.1 mV in 3 min, then the state was recognized as being stable.
3 Results and Discussion
Flufenamic acid is an ampholyte compound with one acidic and one basic functional group
in its molecule. Depending on the pH of the aqueous solutions, this compound can exist as
a protonated form H2R+, as a neutral form HR (as unionized HR0 or as a zwitterion HR±,
which are indistinguishable by acid-base titration), or as an anionic form R− (Fig. 1). Litera-
ture data relating to dissociation constants of the tested acid are both incomplete (refer only
to pKa2) and divergent. These discrepancies are probably caused by difficulties in deter-
mining these constants because of its very low solubility in water. Depending on the meth-
ods and conditions, the following different values of pKa2 were obtained i.e.: 3.85 (value
determined theoretically) [31], 3.97 (capillary electrophoresis) [32], 4.91 (capillary isota-
chophoretic) [33], 5.0 (spectrophotometric method) [34], 5.84 (potentiometric method in
the acetone (5–10%) + water system) [35], and 5.94 (potentiometric method in the ethanol
(50%) + water system) [36].
The dissociation constants Ka1 and Ka2 are expressed by Eqs. 5 and 6 [37]:
Ka1 = ([HR
±] + [HR0])[H+]
[H2R+] (5)
Ka2 = [R
−][H+]
[HR±] + [HR0] (6)
The potentiometric method is recommended by many authors for determining the dissocia-
tion constants of amino acids. One of the barriers limiting the use of this method is having
a too low solubility of the test compound in water, as in the case for flufenamic acid. To re-
solve this solubility problem in the present study, potentiometric titrations were performed
in the MDM + water solvent system (containing 31.8–56.5 wt% of MDM).
Analysis of the titration data was performed using Microsoft’s Excel computer package
with the help of the modified spreadsheet presented in [27], via curve fitting of the difference
curve (degree of protonation versus pH). The initial estimates of the psKa values, which are
Fig. 1 Reaction scheme for flufenamic acid in aqueous solution
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the apparent ionization constants in the mixed solvent, were obtained from the difference
Bjerrum plots using Eq. 7 [27, 38, 39]:
nH = {[HCl] − [KOH] + nL − [H+] + (Kw/[H+])}/L (7)
where n is the number of dissociable protons introduced into the solution by the substance
L, L is the total weak acid concentration, [HCl] and [KOH] are the concentrations of added
strong acid and base, respectively, and Kw is the ionization constant of water in the MDM
+ water mixed solvent.
The obtained values were then refined by a weighted nonlinear least-squares procedure
using the Solver program from Microsoft Excel, to find the best fit of the calculated curve to
the theoretical function. Subsequently, to determine the best aqueous phase pKa1 and pKa2
values, the refined values of psKa were extrapolated to zero co-solvent concentration by the
Yasuda-Shedlovsky procedure expressed by Eq. 8 [17–19]:
psKa + log10[H2O] = a/ε + b (8)
where [H2O] is the molar water concentration of the given solvent mixture, and ε is the
dielectric constant of the co-solvent mixture
The obtained values of psKa for flufenamic acid are presented in Table 1.
Figure 2 shows the Yasuda-Shedlovsky plots of flufenamic acid in the MDM + wa-
ter solvent system. The following linear relationships (Eqs. 9 and 10) were obtained by
extrapolation to zero co-solvent concentration (for the dielectric constant of pure water
100
εH2O
= 10078.38 = 1.28):
psKa1 + log10[H2O] = 5.02 − 280.48/ε (9)
psKa2 + log10[H2O] = 4.48 + 167.60/ε (10)
Fig. 2 Yasuda-Shedlovsky plot for flufenamic acid in MDM + water mixtures for determination of the pKa1
and pKa2 values
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It should be noted that, as for most ampholytes, the slope of the Yasuda-Shedlovsky
extrapolation function concerning a basic group is negative while the slope corresponding
to an acidic group is positive [24, 26]. The pKa1 and pKa2 values obtained by this method
are 2.92 ± 0.01 and 4.84 ± 0.04, respectively. The isoelectric point pH i was identified at
pH = 3.88 ± 0.03.
Based upon the determined values of Ka1 and Ka2, the fractional concentrations of the
species can be calculated using the following formulae [40]:
αH2R+ =
[H+]2
[H+]2 + Ka1[H+] + Ka1Ka2 (11)
αHR = Ka1[H
+]
[H+]2 + Ka1[H+] + Ka1Ka2 (12)
αR− = Ka1Ka2[H+]2 + Ka1[H+] + Ka1Ka2 (13)
The corresponding distribution diagram of flufenamic acid is presented in Fig. 3.
It was found that the protonated form of the amino acid H2R+ substantially predominates
in the strongly acidic range (pH < 3.0), while over the pH range 3.0–5.0 the main form is the
neutral species HR ([HR] = [HR0] + [HR±]), whereas the anionic form R− is dominant at
pH > 5.0. At the physiological pH = 7.4, flufenamic acid exist mainly in the anionic form.
The partitioning profile D = f (pH) of flufenamic acid in the toluene + water system
was obtained by the classical shaking flask method and presented in Fig. 4. Values of the
distribution ratio were calculated in accordance with Nernst’s equation:
D = cHR,o
cHR,w
(14)
where cHR,o and cHR,w are the total concentration of amino acid in the organic and aqueous
phases, respectively.
Fig. 3 The distribution diagram of flufenamic acid
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Fig. 4 The partitioning profile of flufenamic acid obtained by the shaking flask method in the toluene +
water system
One can conclude that the partitioning profile has an approximately parabolic shape with
a maximum around the isoelectric point. Moreover, the obtained results show that maximum
extraction efficiency for flufenamic acid occurs in the pH = 3.0–5.0 range, and this pH
range corresponds to the pH range where the neutral form of this acid HR is dominant.
Application of spectroscopic measurements allows one to determine which form of the acid
is extracted. Analyses of the UV-VIS spectra in the aqueous (at pH about 1, 4, and 8) and
organic phases shows different spectra for the cationic, neutral and anionic forms in the
aqueous phases, while identical spectra were obtained in the organic phases (toluene) at
each pH. Moreover, the spectra obtained in the organic phase are identical with the spectra
of flufenamic acid in the corresponding pure solvent (identified as being that of the neutral
form) for each investigated system. This method was recommended by Takács-Novák et
al. [41] as giving very simple but exact experimental evidence for the partitioning of the
neutral form, even when it is only a minor component. These findings show that it is not
the ion pair but only the neutral form of the acid HR that is transferred from the aqueous
to the organic phase. The same results were obtained for other compounds having similar
structure (mefenamic and N -phenylanthranilic acid) [42, 43], which confirms the validity of
this method.
Taking into consideration the models of single and multistep equilibria, which were ac-
curately described in [42–44], and the results of the potentiometric titrations in two-phase
organic solvent–aqueous solutions, graphs of the dependences of cHR,o/[HR]w on [HR]w for
flufenamic acid in the two-phase systems organic solvent + aqueous solution, were prepared
and are presented in Fig. 5. Because the obtained dependences are linear, determining the
values of the distribution constants KD and dimerization constants Kdim was possible by
linear regression of Eq. 15:
cHR,o
[HR]w = KD + 2K
2
DKdim[HR]w (15)
where KD is the distribution constant for the neutral form of flufenamic acid (KD =
[HR]o[HR]−1w ),Kdim is the dimerization constant of the neutral form of flufenamic acid in
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Fig. 5 Plot of cHR,o/[HR]w versus [HR]w for flufenamic acid in two-phase systems: organic solvent (car-
bon tetrachloride, ethylbenzene, toluene, benzene, chloroform, chlorobenzene, or bromobenzene) + aqueous
solution. The points denote the experimental data, while the solid lines have been determined by linear re-
gression of Eq. 15 using the least-squares method
Table 2 Evaluated values of the distribution (KD) and dimerization (Kdim) constants for flufenamic acid
in the two-phase systems: organic solvent + aqueous solution and the obtained values of the correlation
coefficient statistical criteria
Solvent Hildebrand
solubility
parameter,
δ/(kJ1/2·m−3/2
Distribution
constant,
KD
Dimerization
constant,
Kdim
Correlation
coeffi-
cient, R
Number of
experimental
points, n
Carbon tetrachloride 17.61 280 ± 13 144 ± 4 0.9896 23
Ethylbenzene 17.84 298 ± 8 95 ± 2 0.9961 21
Toluene 18.23 346 ± 7 75 ± 3 0.9972 22
Benzene 18.72 444 ± 7 65 ± 2 0.9980 24
Chloroform 19.05 482 ± 12 47 ± 2 0.9910 23
Chlorobenzene 19.44 518 ± 11 51 ± 1 0.9946 21
Bromobenzene 19.74 576 ± 15 39 ± 1 0.9860 22
the organic phase (Kdim = [(HR)2]o[HR]2−o ), [HR]w is the concentrations of the neutral form
of flufenamic acid in the aqueous phase, and cHR,o the total concentrations of flufenamic acid
in the organic phase (cHR,o = [HR]o + 2[(HR)2]o).
The calculated values of KD and Kdim are presented in Table 2. The accuracy of the de-
termination of these constants was assessed for the 95% confidence interval of the Student’s
test.
It has been found that the values of KD and Kdim depend on the polarity of the organic
solvent used. Moreover, the values of the distribution constants KD increase while the val-
ues of the dimerization constants Kdim decrease with increasing values of the Hildebrand
solubility parameter δ of the organic solvent. The lowest value of KD was observed in the
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Fig. 6 pH dependence of percentage of flufenamic acid species in two-phase systems: organic solvent
(t—carbon tetrachloride, b—bromobenzene) + aqueous solution
system with carbon tetrachloride (KD = 280, δ = 17.61), while the highest was found in
the system with bromobenzene (KD = 576, δ = 19.74). At the same time, the dimerization
constant Kdim decreases from 144 (carbon tetrachloride) to 39 (bromobenzene). In other
words, an increase of the solvent polarity causes a decrease of the dimerization constant.
In addition, flufenamic acid, when compared with mefenamic and niflumic acids, achieved
significantly higher values of the distribution constant under similar conditions [42, 43]. It
should be noted that value of distribution constant of flufenamic acid in the octan-1-ol +
water system is considerably higher than in the systems described in this paper (KD is over
three orders of magnitude higher) [9].
Based on the determined values of dissociation constants Ka1 and Ka2, distribution con-
stants KD, dimerization constants Kdim, as well as the molar balance of amino acid in the
studied systems, the content of the particular forms of flufenamic acid in both phases was
calculated as a function of pH of the aqueous phase. The results obtained for the systems
with extremely different KD and Kdim values are presented in Fig. 6.
The obtained results show that flufenamic acid, in the pH range between 1 to 7, occurs
mainly in the organic phase as the monomeric HRo and dimeric (HR)2,o forms. The per-
centage of acid in the monomeric form HRo in the organic phase is equal to about 66%
for the system with bromobenzene, and about 44% for the system with carbon tetrachloride
The percentage of acid in the dimeric form (HR)2,o in those systems is equal about 34%
for bromobenzene and about 56% for carbon tetrachloride. Under the same conditions, the
percentage of the monomeric form of the acid in the aqueous phase HRw is very low, 0.12%
for the system with bromobenzene and 0.16% for the system with carbon tetrachloride. In-
creasing the pH of the aqueous phase (pH > 7) results in decreasing concentrations of the
neutral forms HRo, HR2,o, HRw, and a simultaneous increase of the concentration of the
anionic form R−w. At higher pH values (pH > 8.0) in both systems, flufenamic acid occurs
only in the aqueous phase in the anionic form R−w.
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4 Conclusions
Due to the fact that flufenamic acid is widely applied in medicine, a detailed understanding
of its equilibria in aqueous solution and two-phase systems is very important. For this reason,
in this paper a detailed analysis of flufenamic acid was carried out and the fundamental
physicochemical parameters such as dissociation, distribution and dimerization constants
were determined. Titrations in the MDM + water system and application of the Yasuda-
Shedlovsky extrapolation method allowed the determination of the dissociation constants
(Ka1 and Ka2) and the isoelectric point in aqueous solution.
Application of the UV-VIS analysis permitted making of the partitioning profile of flufe-
namic acid in the toluene + water system. It has an approximately parabolic shape with a
maximum near the isoelectric point. This behavior indicates that only the neutral form of
the acid HR is transferred from the aqueous to organic phase. It has been shown that the po-
tentiometric method is suitable for determining the distribution and dimerization constants.
The obtained distribution constant values increase when the polarity of the organic solvents
increase, while for the dimerization constant the opposite trend is observed. The physico-
chemical properties of flufenamic acid in the two-phase systems were described using the
obtained values of KD and Kdim. It has also been demonstrated that the influence of the aque-
ous phase pH on the concentrations of the various forms of this acid is particularly evident
in the pH range 0–8. Moreover, the distribution of flufenamic acid in the two-phase systems
practically proceeds in the same pH range.
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